The INO80 (inositol requiring mutant 80) chromatin remodeling complex plays important roles in transcriptional regulation and DNA replication and repair, and consists of several functional protein subunits, including the critical Ino80 ATPase catalytic subunit. While the function of INO80 has been studied in yeast and mammalian cell lines, we do not know how mIno80 contributes to the maintenance of genome stability to prevent cancer development in mice. Here, we use a conditional knockout approach to explore the cellular and organismal functions of mIno80. Deletion of mIno80 results in profound cellular proliferative defects and activation of p21-dependent cellular senescence. While mIno80 is required for efficient repair of DNA double strand breaks, its depletion did not impact upon the formation of γ-H2AX and 53BP1 DNA damage foci, or the activation of the ATM-CHK2-dependent DNA damage response. mIno80 deletion inhibited the generation of single-strand DNA, resulting in defects in homology-directed DNA repair (HDR) at telomeres. Fragile telomeres were prominent in mIno80 ∆/∆ MEFs, suggesting that chromatin remodeling is required for efficient telomere replication. mIno80 −/− mouse embryos die early during embryogenesis, while conditional deletion of mIno80 in adult mice results in weight loss and premature death. In a p53 −/− tumorprone background, mIno80 haploinsufficiency favored the development of sarcomas. Our studies suggest that the mIno80 chromatin remodeling complex plays important roles in telomere replication, HDR-mediated repair of dysfunctional telomeres, and maintenance of genome stability.
Introduction
DNA double-strand breaks (DSBs) are genotoxic lesions generated exogenously by ionizing radiation or endogenously by stalled DNA replication forks. If these lesions are not properly repaired by homology-directed repair (HDR) or non-homologous end joining (NHEJ) repair pathways, genome instability ensues, which is potentially tumor-promoting. Repair of DSBs requires end resection of DNA breaks by 5′ nucleases to generate single-stranded (ss) DNA for binding by NHEJ or HDR repair complexes and DNA damage checkpoint proteins. However, the presence of nucleosomes represents barriers to DNA repair. Studies of the ATP-dependent INO80 chromatin remodeling complex reveal that it modulates the position of nucleosomes along DNA, using the energy from ATP hydrolysis to provide accessibility to chromatinized DNA, not only for transcription and replication but also for DNA damage repair [1] [2] [3] [4] . INO80 is a member of the SWI/SNF2 superfamily of chromatin remodeling complexes and is highly conserved from yeast to man [5, 6] . The mammalian INO80 complex is composed of at least 13 protein subunits, including the homologous Ino80 catalytic subunit with ATPase activity and many other orthologous subunits with evolution-arily conserved functions as well as unique subunits [6] [7] [8] . Ino80 is the core component of this complex and its ATPase domain is required for interactions with other subunits, including Tip49a/b proteins functionally related to the bacterial RuvB helicase essential for DSB repair [7, 9] .
Genetic studies in yeast have shown that the yINO80 complex plays a role in telomere metabolism [10] . Telomeres are repetitive G-rich DNA-protein complexes that cap the ends of eukaryotic chromosomes and play essential roles in preventing the activation of DNA damage checkpoints that would otherwise induce cellular senescence and/or apoptosis [11] . Maintenance of telomere function requires the enzyme telomerase and shelterin, a complex of six proteins required to prevent telomeres from inappropriately activating the DNA damage checkpoint function. Shelterin components TRF1 and TRF2 bind to the duplex regions of telomeric DNA, while POT1 binds to the 3′ ss telomeric G-overhang [12] [13] [14] [15] . Two POT1 proteins, mPOT1a and mPOT1b, are encoded by the mouse genome. Dysfunctional telomeres arising either from the removal of shelterin components or from critical telomere attrition resulting from diminished telomerase activity are recognized as DSBs. mPOT1a/b and TRF2 repress activation of the DNA damage signaling kinases ATR and ATM, respectively, while mPOT1b represses 5′ nucleolytic processing of the telomeric Cstrand, limiting the formation of the 3′ ss telomeric overhang that could otherwise serve as a DNA substrate to initiate HDR [13, [16] [17] [18] . In the absence of telomerase, deletion of the Ies3p subunit of yINO80 resulted in telomere length elongation, formation of extrachromosomal telomeric circles and increased chromosome fusions, suggesting that yINO80 is involved in the regulation of telomere function [10] . yINO80 also mediates efficient HDR at telomeres [10, 19] .
Recent studies of mammalian INO80 functions by siRNA-mediated knockdown approaches revealed that this complex plays critical roles in the repair of DSBs and maintenance of genome stability [20] [21] [22] [23] [24] . However, little is known about INO80's function at mammalian telomeres. To investigate the functions of the INO80 complex in the maintenance of telomere homeostasis, we generated a knockout mouse model to conditionally delete mIno80 in cells as well as in the mouse. Deletion of mIno80 results in early embryonic lethality, indicating that mIno80 is essential during mouse embryogenesis. mIno80 is not required to mediate the ATM-CHK2 DNA damage response (DDR), but is critical for the generation of ssDNA to promote HDR of dysfunctional telomeres. In addition, mIno80 deficiency induced telomere replication defects, demonstrating that telomere replication requires chromatin remodeling. Finally, mIno80
mice develop a striking shift in tumor spectrum from lymphomas to sarcomas, suggesting that mIno80 plays a role in determining the tumor types generated. Our results shed light on how mIno80 functions to promote telomere replication, repair and maintenance of genome stability.
Results

mIno80 is an essential gene required for early mouse embryonic development
To explore the in vivo functions of mINO80 complex in mice, a Cre-LoxP conditional knockout strategy was employed to disrupt this complex in vivo. We deleted the mIno80 gene by flanking both exons 3 and 4 with loxP sites ( Figure 1A and Supplementary information, Figure S1A and S1B). Cre-mediated deletion of these exons results in a frameshift mutation, leading to premature termination of the mIno80 open reading frame. An out-of-frame 52-amino acid peptide that does not bear any sequence similarity to the mIno80 protein could be generated with this approach, but is not expected to possess any functions (Supplementary information, Figure  S1A and S1B). Two mouse lines containing the targeted mIno80 floxed allele (mIno80 F ) were crossed with two Cre-expressing transgenic mouse lines: ZP3-Cre mice to delete the mIno80 gene directly in the germ line to generate mIno80 −/− embryos, and CAG-CreER mice to enable conditional deletion of the mIno80 F/F alleles (generating mIno80 ∆/∆ alleles) in tissues of adult mice by the administration of tamoxifen (TAM) [25] . We also generated CAG-CreER; mIno80 F/F mouse embryo fibroblasts (MEFs) and confirmed conditional deletion of mIno80 upon addition of 4-hydroxytamoxifen (4-HT) to the culture medium ( Figure 1B) . Western blot and real-time PCR (RT-PCR) analyses both revealed efficient Cremediated mIno80 deletion ( Figure 1C and 1D) . By crossing mIno80 +/F mice with the Zp3-Cre mice, we generated mIno80 +/− mouse. mIno80 +/− intercrosses did not generate any mIno80 −/− pups, suggesting that mIno80 deficiency results in embryonic lethality ( Figure 1E ). Timed pregnancy matings of mIno80 +/− mice revealed that all E7.5-E8.5 mIno80 −/− embryos exhibited intrauterine developmental abnormalities, including severe growth retardation (Supplementary information, Figure S1C ). We found that the majority of mIno80 −/− embryos were resorbed by E13.5 to E14.5 ( Figure 1E and Supplementary information, Figure S1C ). Taken together, our data suggest that mIno80 plays essential roles during mouse embryogenesis. ∆/∆ MEFs, P < 0.001) ( Figure 2B and 2C) . These results suggest a defect in both S-phase progression and DNA replication in the absence of mIno80, consistent with previous results observed in Ino80-depleted human cells [22] . In addition, compared to CAG-CreER; mIno80 F/F MEFs, a higher percentage of CAG-CreER; mIno80 ∆/∆ MEFs display increased staining at early passages for the senescence marker SA-β-galactosidase (1.8% senescent cells at passage (P) 3 and 1.7% at P4 for CAG-CreER; mIno80 ∆/∆ MEFs) ( Figure 2D ). The increased SA-β-galactosidase activity in CAG-CreER; mIno80 ∆/∆ MEFs correlated with a robust induction of p21 expression, suggesting premature entry into cellular senescence/cell cycle arrest in the absence of mIno80 function ( Figure  2E ).
mIno80 is dispensable for the sensing of DSBs but is required for DNA repair in response to genotoxic stress
Previous results from yeast studies suggest that phosphorylated histone variant H2AX (γ-H2AX) recruited yINO80 to DSBs [26, 27] . To address whether the proliferative defects observed in mIno80 ∆/∆ MEFs were due to the activation of a DNA damage checkpoint response, we monitored the formation of γ-H2AX-and 53BP1-positive DNA damage foci in SV40-immortalized CAGCreER; mIno80 F/F MEFs either untreated or treated with 4-HT. We were not able to find any significant changes in the formation of 53BP1 and γ-H2AX DNA damage foci in CAG-CreER; mIno80 ∆/∆ MEFs, suggesting that deletion of mIno80 does not by itself induce a robust DDR (Supplementary information, Figure S2A ). Next, we asked whether mIno80 is involved in mediating the DDR generated by various genotoxic stresses, including ionizing irradiation (IR) and UV irradiation. Deletion of mIno80 did not significantly impact the accumulation of 53BP1 or γ-H2AX DNA damage foci after 1 h and 8 h exposure to 5 Gy IR ( Figure 3A and 3B and Supplementary information, Figure S2B and S2C). Activation of the ATM and ATR kinase pathways was also not abrogated in the absence of mIno80, suggesting that mIno80 is not required to mediate DNA damage signaling ( Figure  3C ). Interestingly, we found that phosphorylated CHK1 increased in CAG-CreER; mIno80 ∆/∆ MEFs, even without exogenous DNA-damaging agents, while increased phosphorylation of the ATM target CHK2 was not detected ( Figure 3D ). These results suggest that mIno80 is required to repress an ATR-dependent DNA damage checkpoint responses in mouse cells.
48 h after exposure to 5 Gy IR, we found increased γ-H2AX-and 53BP1-positive DNA damage foci in CAGCreER; mIno80 ∆/∆ MEFs (35% in CAG-CreER; mIno80
MEFs vs 21% in CAG-CreER; mIno80 +/+ MEFs ( Figure  3A and 3B). Compared to control cells, sustained ATM and CHK2 phosphorylation were also observed in CAGCreER; mIno80 ∆/∆ MEFs at later time points following IR exposure ( Figure 3C ). These results suggest that abrogation of mIno80 function resulted in delayed DSB repair. In agreement with this notion, immunoblot analysis revealed that compared to WT cells exposed to 5 Gy IR, expression of γ-H2AX persisted in the irradiated CAGCreER; mIno80 ∆/∆ MEFs at later time points ( Figure 3C ). Taken together, our data are in accord with a previous report documenting that mammalian Ino80 is dispensable for the sensing of IR-induced DSBs, but instead is required for IR-induced DSB repair [21] .
To further explore the role of mIno80 in DNA repair, we analyzed the efficiency of the removal of UV-induced nuclear photo lesions, which are mediated by the nucleotide excision repair (NER) pathway [28] . Cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts (6-4PP) are the two primary lesions generated by UV irradiation. Their removal from genomic DNA is a direct indicator of the efficiency of NER repair. We subjected CAGCreER; mIno80 +/+ and CAG-CreER; mIno80 F/F MEFs to UV exposure following 4-HT treatment. The amount of photo lesions in each sample was visualized by immunofluorescence staining, using antibodies against CPD and 6-4PP. As shown in Figure 3E , CAG-CreER; mIno80
MEFs exhibited a significant decrease (> 60%) in CPDpositive nuclei 24 h after UV exposure, consistent with the established kinetics of CPD repair. In contrast to these cells, CAG-CreER; mIno80 ∆/∆ MEFs retained strong CPD staining after 24 h ( Figure 3E , P = 0.0001). Similarly, repair of 6-4PP was also significantly impaired in CAG-CreER; mIno80 ∆/∆ MEFs when compared to WT cells ( Figure 3F , P = 0.0007 at 1 h and P = 0.0001 at 3 h), suggesting a significant reduction in the efficiency of UV repair in the absence of mIno80 [29] . Consistent with Figure S2D ). Taken together, these results suggest that loss of mIno80 function results in impaired/delayed repair of both IR-and UV-mediated DNA damage.
Defects in ssDNA formation and telomere replication in mIno80-deficient MEFs
Hypersensitivity of yINO80 mutants to hydroxyurea (HU)-induced replication stress suggests that yINO80 is involved in DNA replication. yINO80 localized to origins of replication, and in response to replication stress, the yINO80 complex has been shown to promote the restart of stalled replication forks [2, 4, 30] . HDR is required for replication fork restart, and yINO80 has been shown to recruit Rad51 to process recombination intermediates and resolve stalled replication forks [31] . HDR requires resection of DSBs in a 5′-to-3′ manner to ssDNA for the recruitment of proteins critical for checkpoint activation and repair [32] , and yINO80 has been shown to promote 5′-to-3′ DNA end resection at DSBs [27, 33] . To determine whether HDR is compromised in the absence of mIno80, we first treated CAG-CreER; mIno80 F/F and CAGCreER; mIno80 ∆/∆ MEFs with HU and the DNA polymerase inhibitor aphidicolin (APH). We found significant hypersensitivity of CAG-CreER; mIno80 ∆/∆ MEFs to both HU and APH (Supplementary information, Figure S3A and S3B). As formation of ssDNA is a prerequisite for HDR, we next asked whether mIno80 is required for the generation of ssDNA, using a BrdU staining technique that only detects ssDNA under non-denaturing conditions [34, 35] . Compared to CAG-CreER; mIno80 F/F MEFs, we found a significant reduction in BrdU-positive foci in CAG-CreER; mIno80 ∆/∆ MEFs (50.5% BrdU-positive foci for CAG-CreER; mIno80 F/F MEFs vs 37.1% for CAG-CreER; mIno80 ∆/∆ MEFs, P = 0.0039) (Figure 4A and 4B). These results suggest that mIno80 is required for the formation of ssDNA.
Replication protein A (RPA) is a heterotrimeric protein complex that binds to ssDNA at stalled and collapsed replication forks, and phosphorylation of the RPA32 subunit by ATR modulates checkpoint responses in response to replication stress [36, 37] MEFs) ( Figure 4C and 4D) . Together, these results suggest that in the absence of mIno80, formation of ssDNA is compromised, resulting in reduced loading of RPA and corresponding reduction in pRPA32 focus formation.
To further validate the requirement of mIno80 for HDR, we examined the status of telomeres in mIno80-deficient MEFs. Telomeres resemble common fragile sites, difficult-to-replicate regions in the genome that, under conditions of replication stress, generate DSBs due to fork stalling [38] [39] [40] [41] . Common fragile sites are vulnerable to DNA insertions and deletions, promoting genomic instability [39, 42] . Fragile telomeres manifest as telomeric doublets and aberrant strings of telomeric DNA, collectively termed multiple telomere signals (MTS). We found that deletion of mIno80 resulted in a 1.7-fold increase (P = 0.042) in the number of MTS, suggesting that mIno80 is required for proper telomere replication ( Figure 4E and 4F ). The addition of 0.5 µM APH to CAG-CreER; mIno80 ∆/∆ MEFs resulted in a further significant increase in the number of MTS observed, with up to 10% of telomeres displaying aberrant telomeric signals ( Figure 4E and 4F, P = 0.0267). A similar result was observed when very low concentration of APH (0.2 µM) was used (data not shown), suggesting hypersensitivity of CAG-CreER; mIno80 ∆/∆ MEFs to the presence of APH and formation of fragile telomeres. Consistent with the observation that MTS represent stalled forks containing unreplicated ssDNA [38, 40] , sustained CHK1 phosphor- ylation was observed in CAG-CreER; mIno80 ∆/∆ MEFs following exposure to APH ( Figure 4G ). Taken together, our data suggest that mIno80 promotes the formation of ssDNA at DNA breaks in stalled replication forks and is required for efficient replication of telomere repeat sequences.
Impaired HDR of dysfunctional telomeres in mIno80
∆/∆
MEFs
The increased number of MTS observed in mIno80
MEFs, coupled with the telomere functions exerted by yINO80, prompted us to examine the role of mIno80 in telomere maintenance. We performed telomere restriction fragment length Southern analysis on CAG-CreER; mIno80 +/+ and CAG-CreER; mIno80 F/F MEFs either untreated or treated with 4-HT. Deletion of mIno80 did not appreciably alter total telomere length, suggesting that its absence does not adversely impact telomere length maintenance (Supplementary information, Figure S4A ). As yINO80 promotes 5′ end resection at DSBs, we also monitored the status of the 3′ ss telomere overhang in CAG-CreER; mIno80 ∆/∆ MEFs by hybridizing telomeric oligonucleotides to native telomeric DNA [13] . Compared to 4-HT-treated CAG-CreER; mIno80 +/+ and -untreated CAG-CreER; mIno80 F/F controls, the telomeric 3′ ss overhang signal was not significantly altered in CAGCreER; mIno80 ∆/∆ MEFs (Supplementary information, Figure S4A , middle panel). To further monitor the status of telomeres, we performed 2D gel electrophoresis to determine whether aberrant telomeric secondary structures (for example, formation of t-circles) were generated in the absence of mIno80. 2D gel analysis on genomic DNA isolated from CAG-CreER; mIno80 F/F and CAGCreER; mIno80 ∆/∆ MEFs did not reveal any significant increase in aberrant secondary telomeric structures in the absence of mIno80, and confirmed that the amount of the telomeric 3′ ss DNA remained largely unaltered in CAGCreER; mIno80 ∆/∆ MEFs (Supplementary information, Figure S4B ). The addition of 0.2 µM APH did not significantly alter these results (Supplementary information, Figure S4B ). Taken together, these results suggest that acute deletion of mIno80 did not result in significantly increased resection of the 5′ ends of telomeres to generate long 3′ ss G-overhangs.
We next examined the role of mIno80 in the sensing and repair of dysfunctional telomeres. We rendered telomeres dysfunctional in CAG-CreER; mIno80 F/F or CAGCreER; mIno80 ∆/∆ MEFs by either removing endogenous mPOT1a and mPOT1b proteins from telomeres using a dominant negative TPP1 mutant (TPP1 ∆RD ), or by shRNA-mediated depletion of endogenous TRF2 [13, 16, 43, 44] . mIno80 deletion did not impact upon telomere dysfunction-induced DNA damage focus (TIF) formation ( Figure 5A and 5B and Supplementary information, Figure 4C and 4D) , consistent with our finding that mIno80 deletion did not disrupt IR-induced DNA damage focus formation on genomic DNA (Figure 3) .
We next investigated whether mIno80 is required to repair dysfunctional telomeres. shRNA-mediated depletion of TRF2 resulted in uncapped telomeres that are repaired via the classic non-homologous end joining (C-NHEJ)-mediated DNA repair pathway, generating endto-end chromosomal fusions that require the activation of the ATM-CHK2 pathway [44, 45] . In contrast, removal of mPOT1a/b from telomeres resulted in increased telomere sister chromatid exchanges (T-SCEs) due to elevated HDR at telomeres [13, 16, 46] . In addition, the removal of mPOT1a/b also induced chromosome fusions mediated through the Lig4-independent alternative nonhomologous end joining (A-NHEJ) DNA repair pathway [44] . We found that removal of TRF2 in the setting of mIno80 deficiency resulted in robust end-to-end chromosomal fusions and CHK2 activation, similar to those observed in mIno80-competent control MEFs (Supple- Figures S5A-S5C) . A-NHEJ-mediated chromosome fusions were also not perturbed in the absence of mIno80 (Supplementary information, Figure  S5A and S5B). In contrast, compared to CAG-CreER; mIno80 F/F MEFs, a significant reduction in the formation of T-SCEs was observed in CAG-CreER; mIno80
MEFs after removal of mPOT1a/b ( Figure 5C and 5D, P = 0.0019). CHK1 activation was also increased in CAGCreER; mIno80 ∆/∆ MEFs upon removal of mPOT1a/b ( Figure 5E ). These results reinforce our observation that mIno80 is required for HDR of dysfunctional telomeres.
Reduced transformation potential of mIno80-null cells
In addition to its role in the repair of DSBs, yINO80 is required to maintain genome stability by modulating histone H2A.Z distribution in the genome [47] and to promote proper chromosome segregation [48] . We therefore hypothesized that deletion of mIno80 results in genomic instability, a potentially tumor-promoting event. To examine the role of mIno80 in transformed cell lines, we used SV40 large T antigen (SV40 
mIno80 haploinsufficiency results in postnatal growth defects and increased formation of sarcomas in a p53
−/− background Genetic ablation of mIno80 resulted in early embryonic lethality, precluding us from generating mIno80-null mice to address the impact of mIno80 deletion in adult animals ( Figure 1E and Supplementary information, Figure S1C ). To circumvent this technical limitation, we injected either vehicle or TAM intraperitoneally 3 times into 6-8-week old CAG-CreER; mIno80 F/F mice to systemically delete mIno80 in a majority of tissues [25] . TAM treatment reduced mIno80 expression in the analyzed tissues, from ~88% (muscle) to ~60% (brain) (Supplementary information, Figure 6A ). Compared to vehicle-treated CAG-CreER; mIno80 F/F controls, conditional depletion of mIno80 in vivo resulted in significantly reduced mouse body weight and lifespan, with 50% of TAM-treated CAG-CreER; mIno80 F/F mice succumbing 170 days post treatment ( Figure 7A and 7B). The causes of death remain unclear at this time, but an increase in organ pathology or an increased cancer incidence was not observed (data not shown). To explore how mIno80 haploinsufficiency impacted mouse survival, we examined the survival profile of mIno80 +/− mice. While mIno80 +/− mice were viable to adulthood and appeared grossly indistinguishable from their WT littermates at the time of weaning, ~21% displayed characteristic defects in the hind limb extension reflex, a phenotype associated with motor neuron deficits in the central nervous system (CNS), at as early as 8 weeks of age (Supplementary information, Figure S6B and S6C) [49, 50] . Compared to mIno80 +/+ mice, this phenotype was observed ~5.3 times more frequently in mIno80 +/− mice, and it also correlated with a smaller body size (Supplementary information, Figure S6D ). These results suggest that mIno80 plays a role in motor neuron function.
The function of chromatin remodeling complexes in the pathogenesis of several human cancers has been documented [51] . 
; p53
−/− mice compared to p53 −/− mice. The log rank test (P = 0.9422) showed no significant differences in tumor-free survival between the two cohorts.
www.cell-research.com | Cell Research [52] [53] [54] . Given our observation that deletion of mIno80 significantly reduced the proliferation of transformed cell lines (Figure 6 ), we asked whether mIno80 deletion reduced the onset of tumorigenesis in vivo.
Compared to vehicle-treated controls, tumor incidence was not significantly altered in TAM-treated CAG-Cre-ER; mIno80 F/F mice (data not shown). We next investigated whether mIno80 heterozygosity in a tumor-prone p53-null background impacted tumor formation. As deletion of p53 has been shown to rescue the embryonic developmental defects on the setting of impaired DNA damage signaling and repair [55] , we first monitored the impact of p53 deletion in the generation of mIno80 −/− embryos. We found that deletion of p53 did not delay the early embryonic lethality phenotype observed in mIno80 −/− embryos (Supplementary information, Figure  S6E and data not shown). We next generated mIno80
−/− mice and compared their tumor incidence and spectrum to p53 −/− controls. Consistent with previously published reports, we found that 6/10 p53 −/− mice developed thymic lymphomas and 3/10 developed lymphomas involving the spleen and lymph nodes [56] ( Figure  7D ). Interestingly, this tumor spectrum was altered in mIno80 +/− ; p53 −/− mice. While 7 out of 20 mIno80 +/− ; p53 −/− mice developed thymic lymphomas, 10 out of 20 mice developed poorly differentiated and highly invasive soft tissue sarcomas ( Figure 7C and 7D ). Compared to p53 −/− mice, both the tumor incidence and latency were not appreciably altered in the mIno80 +/− ; p53 −/− background ( Figure 7E ). These results suggest that mIno80 haploinsufficiency impacted cancer development by altering a p53 −/− tumor spectrum dominated by lymphomas to one favoring the formation of invasive sarcomas.
Discussion
The mINO80 chromatin remodeling complex plays important roles in the regulation of transcription, DNA replication and repair. However, our understanding of how chromatin remodelers contribute to genomic instability and cancer pathogenesis in mammals remains limited. In this study, we generated a mIno80 conditional knockout mouse to explore the impact of mIno80 deletion both in cell lines and in the mouse. Unlike yINO80, we found that mIno80 is not required for the sensing of DSBs. However, mIno80 is required for efficient repair of IR-induced DSBs, UV-induced photo lesions and dysfunctional telomeres. Elevated telomere replication defects, manifested as increased fragile telomeres, were observed in mIno80-null MEFs. Deletion of mIno80 also results in reduced DNA synthesis and activation of a p21-dependent cellular senescence program, suggesting that mIno80 is required for S-phase progression. mIno80 also plays an essential role during mouse embryogenesis, as mIno80-null embryos experience early lethality that cannot be rescued by p53 deletion. mIno80 +/− ; p53
mice develop a striking shift in tumor spectrum from lymphomas to sarcomas, suggesting that mIno80 plays a role in determining the types of cancer that develop in mice. Collectively, our results link telomere repair, genome stability, and tumor suppression to the maintenance of chromatin architectural integrity by mIno80. Following DNA damage, the yINO80 complex is recruited to DSBs through the direct interaction of its Nhp10 or Arp4 subunit with γ-H2AX [26, 27, 57] . yINO80 has also been shown to induce γ-H2AX following exposure to DNA-damaging agents and to modulate downstream DNA damage checkpoint functions [26, 58] . We found that both γ-H2AX and 53BP1 efficiently localized to IR-induced DSBs and to dysfunctional telomeres in mIno80 ∆/∆ MEFs, suggesting that mIno80 is not required for the accumulation of γ-H2AX and 53BP1 at DNA damage sites. As the mammalian mINO80 complex lacks Nhp10, this species-specific difference likely renders it dispensable for interacting with γ-H2AX at DSBs [21, 24, 59] . Rather, mammalian INO80 appears to require its Arp-8 subunit for recruitment to laser-induced DSBs [59] . IR-and UV-induced DNA damages persist in mIno80 ∆/∆ MEFs, suggesting that mIno80 is required for their efficient repair (Figure 3 ). In addition, we found that mIno80 is required for the generation of ssDNA to mediate HDR at sites of DSBs (Figure 4 ), in agreement with previous results showing that siRNA-mediated depletion of hIno80 impairs HDR [20, 23] .
Telomeres represent difficult-to-replicate regions of the genome, and replication forks can stall within telomeric repeats, generating fragile telomeres and a corresponding ATR-dependent DDR [40] . We found that mIno80 repressed the formation of fragile telomeres, suggesting that regulation of chromatin structure is required for telomere replication. In addition, mIno80 was also required to repress the activation of the ATR-CHK1 pathway. While little is known about how modification of chromatin architecture influences telomere replication, yINO80 has been shown to accumulate at origins of replication to promote the recovery of stalled forks [2, 4, 30, 31] . yINO80 recruits Rad51 to stalled replication forks to mediate the formation of hemicatenated X-shaped DNA structures, which are resolved by the helicase Sgs1 [31] . We speculate that mIno80 plays a similar role at telomeres, and is required to resolve aberrant recombination intermediates during telomere replication. In support of this notion, deletion of yINO80 in telomerase-null cells significantly reduced the emergence of Type 1 survivors, suggesting that yINO80 is required for telomere recombination in a Rad51-dependent manner [10, 19] .
At mammalian telomeres, aberrant HDR between sister telomeres (telomere sister chromatid exchanges) are repressed by POT1, likely due to loading of POT1 to ss telomeric DNA to prevent binding of factors involved in HDR [13, 16, 60] . yINO80 promotes 5′ end resection and formation of 3′ ss DNA substrates at DSBs [27, 33, 61] . However, aberrant 3′ ss telomeric overhang was not observed in mIno80 ∆/∆ MEFs, suggesting that mIno80 does not mediate 5′ end resection at telomeres possessing an intact shelterin complex. We are currently generating mIno80 −/− ; mPOT1b −/− MEFs to determine whether mIno80 is involved in the resection of the telomeric Cstrand following mPOT1b deletion [62] . Other than aberrant fragile telomeres, we also did not observe an increase in structural chromosomal aberrations in mIno80-null MEFs, in marked contrast to a report documenting chromosomal translocations in human cancer cells when mIno80 is knocked down [22] . While it is not clear what accounts for this discrepancy in chromosome phenotypes, species-specific differences in mIno80 function, the differential rates of cellular proliferation between primary vs tumor cells and cooperative effects of genetic aberrations in tumor cells with mIno80 depletion likely account for this phenotypic difference.
Rhabdoid tumors (RT) containing biallelic inactivating mutations in the gene encoding SMARCB1 was the first link suggesting that ATPase chromatin remodeling complexes play a role in tumor suppression [52] . Nearly 35% of Smarcb1 +/− mice develop RT by 11 months of age, while conditional inactivation of both Smarcb1 alleles results in 100% of mice developing tumors by 11 weeks. Mutations in the subunits of other chromatin remodeling complexes, including Snf5, Brg1, and Baf57, have also been found in a variety of human cancers [52] [53] [54] , suggesting that chromatin remodelers function as tumor suppressors. As mIno80 promotes DNA repair and represses genome instability, we postulate that the mIno80 complex also plays a role in tumor prevention. This notion is supported by the observation that hIno80 and its associated protein YY-1 are required to maintain genome stability by promoting proper chromosome segregation [20, 22] . We found that deletion of mIno80 severely compromised the tumorigenic potential of transformed mouse cell lines by reducing cellular proliferative capacity and the ability to form soft agar colonies in culture ( Figure 6 ). While conditional deletion of mIno80 in mice results in progressive weight loss and early death, we did not observe a significant impact on tumor formation in either conditionally deleted mIno80 ∆/∆ or mIno80 +/− mice.
In a tumor-prone p53 −/− background, mIno80 haploinsufficiency did not reduce tumor incidence. However, one striking finding in our study was the observation that mIno80 haploinsufficiency has an impact on the types of tumors generated. We found a shift in tumor spectrum from the B-and T-cell lymphomas characteristic of p53 −/− tumors to the invasive sarcomas prevalent in mIno80 +/− ; p53 −/− mice. This shift in tumor spectrum could be due to increased genomic instability stemming from telomere replication defects, an inability to engage in HDR-mediated repair, or alterations in gene transcription involved in tumorigenesis. Common fragile sites are vulnerable to DNA insertions and deletions, promoting an unstable genome that contributes to the formation of some human cancers [39, 42] . We speculate that defects in telomere replication in the absence of mIno80 might lead to similar increases in genomic instability to promote tumorigenesis. Interestingly, a recent report revealed that nucleosome depletion by the mIno80 complex is required for embryonic stem cell differentiation, suggesting that mIno80 plays an important role in the determination of cell fate during development [63] . It is therefore tempting to speculate that reduction of mIno80 levels in the absence of p53 played a role in modulating the cell fate of cancer-initiating cells, to promote the formation of sarcomas over lymphomas.
Materials and Methods
Antibodies and chemicals
HU, APH, and 4-HT were purchased from Sigma-Aldrich. Antibodies used in this study were anti-pCHK1-S345 (133D3, Cell Signaling Technology), γ-Tubulin (079K4861, Sigma-Aldrich), CHK2 (611570, BD transduction laboratory), pRPA32-S4/S8 (A300-245A, Bethyl Laboratories), p21 (SC-6246, Santa Cruz), PCNA (SC-7907, Santa Cruz), γ-H2AX-S139 (05-636, Millipore), 53BP1 (SC-22760, Santa Cruz), and HA (118K4802, SigmaAldrich).
Generation of a conditional mIno80 knockout mouse
Exon 2 and 3 of mIno80 gene were constructed into the pKOII targeting vector, containing the diphtheria toxin gene (DT), the PGK-neo gene flanked by two FRT sequences, and loxP sequences. The proximal 4.1 kb and distal 3.2 kb sequences of the mIno80 gene were then ligated into targeting vector to use for homologous recombination (see Figure 1A) . The linearized mIno80 targeting vector was electroporated into ES cells and correctly targeted clones were injected into C57BL/6 blastocysts to obtain chimeric mice. Germ line transmission (mIno80 F/+ mice) was confirmed by genomic PCR analysis. npg used to generate CAG-CreER; mIno80 F/F mouse lines. Intraperitoneal tamoxifen injection into mice was performed as previously reported [25] . All mice were maintained and experiments were conducted in accordance with Yale University IACUC-approved guidelines.
MEFs culture and proliferation assays
Primary MEFs were isolated from E13.5 embryos and maintained in DMEM with 10% FBS according to standard protocols. SV40-transformed MEFs were generated by expressing SV40 large T antigen (SV40 LT ) in early passage of primary MEFs. The mIno80 gene in CAG-CreER; mIno80 F/F MEFs was deleted by adding 100 nM of 4-HT for either 48 or 96 h and cells for the indicated experiments were maintained in 4-HT throughout the duration of the experiment. mIno80 deletion was confirmed by RT-PCR and immunoblotting with anti-Ino80 antibody. The 3T3 proliferation assay was performed on primary MEFs according to standard protocols. Cell proliferation assay using BrdU incorporation was performed by incubating primary MEFs with BrdU (10 µM) for 4 h and then immunostained with anti-BrdU antibody after DNA denaturation with 2N Hcl. Colony forming assay in SV40-transformed MEFs was performed following standard protocols. Briefly, 1 × 10 3 cells were seeded in 6-well tissue culture plates and either untreated or treated with HU or APH and cultured for 1 week. Colonies were fixed with ice-cold methanol, stained with crystal violet (0.5% in 25% methanol) and counted. To evaluate anchorage-independent growth, the soft agar assay was performed in SV40
LT /H-Ras V12 MEFs. Cells were mixed with agar (0.35%) and plated in 6-well tissue culture dishes containing bottom agar (0.7% in culture media). Cells were replenished with growth media every 2 days and monitored for anchorage-independent growth over 2 weeks. Analysis for UVinduced photo lesions was performed as described previously [29] .
Monitoring replication stress and telomere replication defects
To test for sensitivity to replication stress, cells were exposed to 0.2 µM APH or 0.05 mM HU for 24 h, replenished with fresh media, and cultured for 1week for cell colony-forming assay [64] . Cells were treated with 5 µM APH or 1 mM HU for 3 h and immediately fixed for pRPA immunostaining or for immunoblotting [65] . To measure degree of telomere fragility, cells were treated with APH (either 0.2 or 0.5 µM) for 24 h, colcemide for 4 h, and metaphases were prepared for PNA FISH [40] .
Telomere assays (TRF Southern blot, 2D gel electrophoresis, PNA FISH, chromosome orientation FISH)
Dysfunctional telomeres were induced by overexpression of either mouse TPP1
∆RD (pQCXIP-HA TPP1 ∆RD ) or shTRF2 (pSupershTRF2) using retroviral infection into MEFs as described previously [66] . Metaphase chromosome spreads were prepared and telomere PNA-FISH and chromosome orientation-FISH using telomere probes (Cy3-OO-(CCCTAA) 3 , F1002, and 5′-FAM-OO-(TTAGGG) 3 -3′, F1005, Panagene) were performed as described previously [66] . For TRF Southern blot, cells were trypsinized and embedded in 1% agarose gel plugs at a concentration of 1 × 10 6 cells per plug and TRF Southern blot analysis was performed as described [13, 41] . 2D gel electrophoresis was performed as previously described [41] .
Immunofluorescence analysis
Telomere-induced foci (TIF) analysis in MEFs was performed by immunostaining for γ-H2AX and 53BP1 as previously described [66] . To measure pRPA32 foci, cells were pretreated with hypotonic solution (solution I: 10 mM HEPES, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EDTA, and 0.5% Triton X-100; solution II: 10 mM Tris pH7.4, 10 mM NaCl, 1% Tween 20, and 0.25% sodium deoxycholoate) before fixing cells with 4% PFA. Fixed cells were permeabilized with 1% Triton X-100/0.5% NP-40 for 20 min on ice and blocked with PBG solution (0.5% BSA and 0.2% fish gelatin in PBS), incubated overnight with the primary antibody and for 1 h with the secondary antibody at RT, and mounted with Vectastain with DAPI . For the detection of ssDNA, cells were pre-incubated with BrdU (10 µM) for 24 h prior to1 mM HU treatment, as previously described [34, 35] . BrdU-incorporated ssDNA was detected by immunostaing using anti-BrdU antibody without DNA denaturation, as previously described [34, 35] . At least 20 different images were taken and >100 cells per cell line were analyzed. All images involved in immunofluorescence were captured and processed using a Nikon Eclipse 80i microscope and NIS-element BR 3.10 software.
